This version is available at https://strathprints.strath.ac.uk/56473/ Strathprints is designed to allow users to access the research output of the University of Strathclyde. Unless otherwise explicitly stated on the manuscript, Copyright © and Moral Rights for the papers on this site are retained by the individual authors and/or other copyright owners. Please check the manuscript for details of any other licences that may have been applied. You may not engage in further distribution of the material for any profitmaking activities or any commercial gain. You may freely distribute both the url (https://strathprints.strath.ac.uk/) and the content of this paper for research or private study, educational, or not-for-profit purposes without prior permission or charge.
A Ab bs st tr ra ac ct t
The present work reports on the examination of three High Velocity Oxy Fuel deposited coatings, Tungsten Carbide, Chromium Carbide and Aluminium Oxide, under slurry erosion and dry erosion conditions. The density and hardness of coatings produced in this manner are typically superior to other thermal spray processes, and are therefore suitable for use in corrosive and highly erosive environments. The primary aim of this investigation was to establish the total mass and volume loss from each coating under dry and slurry erosion testing conditions and compare the level of material loss following the respective testing regimes. The scope of the study incorporated the application of cathodic protection to prohibit the effects of corrosion in the case of slurry erosion testing. This approach ensured that any damage to the surface could be attributed to pure erosion, and as such, be assessed against the dry erosion test data. Subsequent examination of the resulting wear scars facilitated assessment of the level of damage caused by the impinging slurry. Results revealed variation in the level of degradation experienced by each coating type under the respective test conditions. Under both dry erosion and slurry erosion, Tungsten Carbide with a Cobalt binder proved an effective protective coating by exhibiting a reduction in material loss over other assessed coatings.
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The deleterious effects of erosion and corrosion are widely observed within flow handling components. These can lead to increased downtime and in severe cases, the complete failure of a part or system [1] [2] [3] . This can have serious consequences in terms of operator safety and widespread environmental impact. The application of hard surface coatings is one technique developed to reduce the damaging effects of erosive particulates and extend the service life of components exposed to erosive environments [4] . High Velocity Oxy Fuel (HVOF) is one such technology and is used to deposit a variety of wear resistant coatings onto numerous substrate materials. Powder particles are accelerated to high velocities through a nozzle while simultaneously undergoing a state change from solid to molten or semi-molten, as a result of considerable heat input [5] . The high kinetic energy of particles as they impact the surface causes significant splat deformation [6] , consequently producing a dense coating layer that is resistant to wear and corrosion [7] [8] [9] [10] [11] [12] .
There have been numerous studies on the erosion performance of HVOF coatings, most notably Tungsten carbide (WC) and Chromium carbide (CrC) based cermets [9, [13] [14] [15] [16] [17] [18] . In a study utilising pot-type slurry erosion, Goyal et al. [15] reported on the wear modes of HVOF sprayed WCCoCr and Al2O3 based coatings. The investigation focused solely on the effects of erosion and incorporated microstructural examination, calculation of volume loss and wear scar analysis to highlight the various wear mechanisms acting on the two coatings. The study [15] demonstrated a correlation between increased coating hardness and reduced volume loss, with Goyal et al. also attributing the increased volume loss of Al2O3 to its high melting point and the resulting presence of large, unmelted particles within the coating. Similarly, Ramesh et al. [14] carried out research on the erosion behaviour of HVOF sprayed WC based coatings on SA210 grade steel substrate. In this investigation [14] an erosive environment was achieved using dry silica sand that impinged onto the specimen surface at high velocities. Specifically, the study examined the impact of spraying parameters on the erosion resistance of the surface coating as well as characterising the wear damage on the specimen surface. Their results reported that the WC coatings suffer a higher rate of volume loss when compared with uncoated steel [14] . This is an unexpected result given the existing studies on HVOF coatings [7, 9, 13] and was attributed, by Ramesh et al, to the increased hardness ratio between the silica erodent and the substrate steel. It was concluded that silica particles could have been embedded in the surface thereby shielding the substrate from impinging particles.
Despite both investigations [14, 15] seeking to evaluate the erosion performance of hard cermet coatings, there is little published research contrasting the two test regimes, slurry and dry erosion, on analogous surfaces. One such investigation by Thakur and Arora [19] examined the erosion of WC coatings under pot-type slurry impingement and dry jet erosion. The investigation [19] concluded that cermet coatings were highly erosion resistant when compared with the uncoated substrate and that dry jet erosion brought about substantially greater erosion rates over slurry erosion. This was attributed to all impinging particles striking the specimen at 90 O , and to increased particle velocity as compared with pot-type slurry erosion. Despite highlighting this outcome, the impact angle between the two test regimes was not consistent [19] . Many researchers have shown the impingement angle to be directly linked to the recorded material loss [20] [21] [22] , and as such, outcomes from this study [19] could be further refined by maintaining a consistent impact angle between the two testing methods. It would also be informative to evaluate the performance of additional HVOF coatings under analogous test conditions to establish if they demonstrate a similar response.
The present study provides novel insight on the comparative performance of HVOF Each material was deposited on S355 steel substrate, (EN:10025), via HVOF spraying. Prior to spraying, the substrate plates were grit blasted with alumina particles and cleaned with methylated spirit. The specific spray parameters used for each coating can be found in Table 2 . Coatings were evaluated in the as-deposited condition, with surface peaks removed using 500 grit SiC paper. 
Dry erosion testing
A sand blasting gun with inverted particle feeder, shown as a schematic in Figure 1 , was selected to carry out dry erosion testing. Comparable systems have been utilized in previous studies [14, 19, 27, 28] .
Erosion testing was carried out at room temperature using a method based on GE E50TF121
specification [29] on the three selected coatings. The test sample was mounted at 20 O to the jet stream at a standoff distance of 100 mm. Alumina with an average particle size of 50 m was accelerated onto the surface at a feed rate of 5.3 g/s, with the test concluded when 300 g of alumina had been passed through the jet nozzle. Samples were weighed in the pre-and post-test conditions to attain the mass loss for each coating with associated volume loss.
Liquid impingement
A closed loop jet impingement rig, shown as a schematic in Figure 2 , was selected to facilitate the slurry erosion experiments as similar systems have been used in existing studies to determine the effects of erosion and corrosion within a flowing environment [22, [30] [31] [32] . A closed loop system offers the ability to accurately control and alter the flow velocity, modify the impingement angle and manipulate the quantity of erosive particles within the slurry. These variables are known to influence the rate of mass loss [21, 33] . The slurry used throughout the study comprised of a 3.5 wt.% NaCl solution containing FS9 grade angular silica sand with an average particle size of 0.355 mm. Test specimens were positioned directly beneath the nozzle, whilst fully immersed in the slurry solution. Pump 2 allowed removal of slurry, with the system subsequently flushed with fresh water to remove all trace particulates, thereby ensuring consistent sand concentration throughout all experimental trials. Table 3 details the experimental parameters for the liquid impingement tests.
All specimens were lightly abraded using 500 grit SiC paper, to produce a uniform surface finish and weighed using a mass balance to an accuracy of 0.1 mg. Specimens were weighed prior to, and following testing to determine the total mass loss. Three test replicates of each coating were measured to provide an average mass loss value. Volume loss was determined on the Alicona system through non-contact optical assessment of the wear scar region. 
Electrochemical measurement
To facilitate a direct comparison between dry erosion and slurry erosion, it was necessary to isolate the effects of pure erosion by preventing any corrosion occurring throughout the slurry erosion test. Cathodic protection was applied with the aim of preventing any electrochemical reaction between the material surface and the slurry, thereby allowing the calculation of the mass loss relating to pure erosion. A WaveNow Potentiostat in conjunction with Aftermath data acquisition software applied cathodic protection to the specimen surface. Platinum foil served as the auxiliary electrode with a Double Junction Ag/AgCl electrode serving as the reference. A potential of -1 V versus the Ag/AgCl electrode was applied across the specimen which supressed the anodic reaction and prevented the occurrence of corrosion.
Surface topography
Surface analysis following slurry erosion was conducted to evaluate the level of damage to each coating material. An SEM allowed examination of the wear scar region, with scanning electron micrographs of the impinged surface captured to depict the various mechanisms causing material removal. Surface roughness for each coating type was measured using a Mitutoyo SV 2000
profilometer. An Alicona (Infinite Focus G4) non-contact optical surface characterisation system facilitated the assessment of the wear scar region and determined the volume loss within the wear scar in addition to calculating the wear scar depth.
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Pre-test characterisation
Prior to both liquid impingement and dry erosion testing, sectioned specimens of asdeposited WC-CoCr, Cr3C2-NiCr and Al2O3 coatings were examined to identify the various features within each of their respective microstructures. (Table 4 ) within the sprayed powder. As the powder is sprayed, the presence of large carbides limits the particle deformation upon contact with the substrate surface [36] . The deformation of particles is necessary for the coating to coalesce. Therefore, the deposition of particles containing larger carbides results in void spaces where the particles have failed to amalgamate with surrounding particles. A confirming trend has been observed in corresponding studies [36] [37] [38] , with authors attributing the increased flattening of particles following impact to the presence of smaller carbides within the feedstock powder [36] . It should be noted that further optimisation of the spray parameters could reduce the level of porosity within each respective coating. For both WC-CoCr and Al2O3, the porosity measurements obtained through ImageJ analysis validated values calculated using mercury intrusion porosimetry. The two measurement techniques however revealed contrasting values for the Cr3C2-NiCr specimen, with ImageJ indicating a coating 1.6 times more porous than that determined through porosimetry. Any defects in the coating layer have significant detrimental impact on the erosion performance of the coating, as reported by existing studies [30, 39] . In the case of WC-CoCr, light optical microscopy revealed a generally dense coating layer with no visible cracking following deposition. Despite this, small pores are visible and occur when sprayed particles fail to achieve sufficient temperature to deform and bond with the surrounding particles [40] . Within the interface region there exists evidence of inclusions that reduce the splat area contact [41] with the substrate leading to poorer adhesion of coatings [41] . In general, regions void of any inclusions or defects demonstrate a well mixed matrix of WC particles and CoCr binder. In some instances however, it is evident that WC particles coalesce to form large carbide rich regions, with softer Co also amalgamating into elongated Co regions.
Microstructural analysis
SEM with EDS provided verification of features highlighted through light optical microscopy. (Table 1 ) .
Figure 6a presents a micrograph of the Cr3C2-NiCr coating. As with WC-CoCr, the coating layer is generally dense with minimal porosity. There is evidence of carbide pull-out which can be attributed to the metallographic preparation process [42] . (Table 4 ). The high particle temperature is sufficient to cause flattening [43] of the alumina particles. However, due to the oxide particles being larger than the carbides retained in the cermet powders [36] [37] [38] , the porosity of the Al2O3 coating is greater than that of WC-CoCr and Cr3C2-NiCr. Results of SEM analysis present consistent chemical composition throughout the coating. As expected quantities of Oxygen (53 wt.%) and Aluminium (47 wt.%) were detected, with any other trace elements being below 0.5 wt.%. 
Erosion testing

Dry erosion regime
Variation in mass and volume loss values between the three coatings following dry erosion testing is presented in Figure 9 .
Results show that WC-CoCr and Cr3C2-NiCr experience similar levels of mass loss, with Al2O3 exhibiting comparably low mass loss. When coating density (Table 4) . This outcome is in agreement with existing studies on the erosion of materials at shallow angles of attack [44, 45] . 
Slurry erosion regime
Comparison of erosion data
Direct comparison of volume loss under slurry and dry erosion ( Figure 11 ) shows significantly increased levels of material loss under dry erosion conditions. This can be attributed to both the variation in impact velocity and the morphology of impinging particles, between the two testing regimes. Existing research has shown particle velocity under slurry conditions to be significantly reduced as a consequence of the squeeze film effects [46, 47] . Squeeze film is the phenomenon whereby the slurry acts as a barrier between the impinging particles and the surface [46, 47] . Energy is required to break this barrier, which in turn, decreases the particle impact velocity. As a result, the cumulative erosive damage is reduced. Conversely, the particle velocity under dry erosion will reflect the gas velocity emanating from the nozzle [48] . The variation in particle morphology also accounts for the increased volume loss under dry jet erosion with Levy et al. [49] demonstrating a rise in the erosion rate with increased erodent hardness. Numerous studies also report the influence of erosive particle material, size and shape on the recorded erosion rate [27, [49] [50] [51] .
Volume loss with respect to coating hardness, for both test regimes, is displayed in Figure   12 . Under dry erosion conditions, the Al2O3 coating suffers comparable volume loss with WC-CoCr.
Conversely, slurry erosion conditions result in the Al2O3 specimen experiencing similar volume loss to the Cr3C2-NiCr. Two significant observations can be identified from this data. The first is that the Cr3C2-NiCr coating has produced the greatest volume loss under both test regimes. Given that Cr3C2-NiCr posseses the lowest overall hardness of the three coatings, it can be argued that coating hardness is inversly proportional to volume loss at shallow angles of attack. This is in agreement with the work of several research groups [14, 21, 44, 45, 52] . The second observation concerns the variation in the volume loss between each coating type under the two test regimes. The data shows that WCCoCr and Al2O3 coatings behave differently under dry erosion and slurry erosion. Specifically, WCCoCr demonstrates a comparably high volume loss under dry erosion, with Al2O3 demonstrating increased volume loss under slurry erosion. Thus, for ceramic-based coatings, dry erosion testing does not necessarily reflect the erosion mechanisms and associated material losses that are encountered under slurry erosion. Therefore, dry erosion testing will not act as a suitable benchmark for the performance of coatings within a slurry based flowing environment.
Impinged surface analysis
Macro examination of eroded surfaces
The wear scar of each coating material and uncoated S355 was captured using an Alicona optical imaging system ( Figure 13 ). Table 6 
Characterisation of eroded surfaces
The specimens subjected to slurry erosion tests at 20 O were examined using SEM to facilitate further evaluation of the respective wear mechanisms operating within the impinged region on specific coating materials. Finnie [53] . The mechanisms of material removal at shallow impact angles are noticeably different from attack at 90 O [22] . In the case of shallow angles of attack, the primary mechanisms causing material loss, as identified by previous research [21, 22] can be attributed to cutting and scoring of the ductile surface. Repeated impact leads to the formation of lips, as indicated in Figure 14a .
Continued exposure to the high velocity jet results in the removal of these lips leading to extensive material loss of the uncoated S355 steel. Figure 14a highlights the directionality within the wear scar, with evidence of parallel scratch patterns and ploughing within the impinged region.
A scanning electron micrograph showing the wear scar of WC-CoCr is depicted in Figure 14b .
When compared with Figure 14a , the image highlights that the mechanisms resulting in material removal are different for ductile and ceramic substrates. Specifically, the WC-CoCr micrograph (Figure 14b ), reveals extensive carbide removal with noticeably less scoring and cutting. Evidence of scoring is visible, however is contained within the ductile Cobalt binder. This feature is to be expected given the comparably low hardness of Cobalt over WC. Repeated impact causes the breakdown of the binder, typically initiating at the carbide-binder interface [54] . The removal of Cobalt leads to a lack of binding material capable of retaining the carbides within the coating, eventually resulting in them being plucked from the surface by the impinging slurry. These observations align with the widely accepted breakdown mechanism of WC-CoCr based coatings under slurry erosion [55] [56] [57] [58] . Figure 14c depicts the impinged region of the Cr3C2-NiCr coated specimen and highlights the existence of both ductile and brittle mechanisms of material removal. Specifically, the image exhibits the presence of cutting and ploughing marks, in addition to pull-out and micro-cracking. The existence of the observed features leads to the conclusion that the Cr3C2-NiCr demonstrates both brittle and ductile modes of material removal. A study by Hong et al. [59] reported a similar result following the cavitation silt-erosion of Cr3C2-NiCr. Moreover, corresponding features were identified by Zavareh et al. [18] following tribological and electrochemical assesment of a Cr3C2-NiCr coating
The impinged region of the Al2O3 coated specimen contains unique features not observed within the previously examined wear scars. The pure ceramic coating is highly brittle and possesses no ductile binder. As a consequence, erosion is dominated by micro-cracking and delamination of splats, (plastically deformed particles) [41] , from the surface. Figure 14d depicts some of these features within the impinged region. The lack of ductile binder results in the removal of the Al2O3 layer due to the low cohesive strength between deposited particles [60] . This leads to the removal of  Considering the specific densities of the three reinforcement particles, mass loss does not provide a suitable metric with which to assess the erosion performance of the HVOF coatings. Hence, the determination of volume loss is necessary for a comparative evaluation of dissimilar HVOF coatings.
 Volume loss under dry erosion was found to be more than 5 times greater than volume loss under slurry conditions, in the case of WC-CoCr coated specimens. Squeeze film effects, which reduce impinging particle impact velocity in the presence of a slurry erosion environment, and variation in erodent particle size and hardness, account for the recorded increase to volume loss under dry erosion conditions. 
